ABSTRACT. A machine vision system and Minolta 
Food color is traditionally measured by colorimeters (Sarkar, 1991) . A hand-held colorimeter such as the CR-200 Chroma Meter (Minolta, Japan) measures an average color of the sample area by providing a controlled illumination which is either average daylight illuminant C with a color temperature of 6774°K, or average daylight illuminant D65 with a color temperature of 6504°K. The measurement is fast and simple, and accuracy is kept high by calibration with standard tiles at the beginning of the operation. However, colorimeters have shortcomings in measuring food color. If the surface of the food is not uniform, or if the sample cannot fill the sample window, e.g. a shrimp, color readings may be inaccurate. Also, for foods that have variations of color at the surface, the location and the number of readings to take for an accurate average color become important.
Computer vision systems have been used in the food industry for several years (Gunasekaran and Ding, 1994) . Apple processors have graded applesauce using these systems (Truppel et al., 1998) . The color of pork was evaluated using multiple cameras and neural network application of computer vision (Lu et al., 2000) . Computer vision systems have also been successfully applied to measure quality of seafoods such as shrimp (Balaban et. al., 1994; Luzuriaga et al., 1997) , oysters (Diehl et al., 1990; Par Kodiak, AK 99615; phone: 907-486-1530; fax: 907-486-1540; e-mail: ffamo@uaf.edu. et al., 1995; So and Wheaten, 1996; Tokusoglu and Balaban, 2004) and catfish (Strachan, 1993; Jia et al., 1996) . The major advantage of these systems comes from its ability to determine L*a*b* values for each pixel of the sample's image. The entire surface of the food is analyzed and average values are determined for the object. The standard deviation of calculated L*a*b* values reflects color uniformity based on the color parameters measured. Machine vision ( fig. 1 ) is also capable of identifying and quantifying the colors present in a sample. Uniform and known illumination is important in the case of machine vision, thus light boxes are used for color measurement. The machine vision system depicted in figure 1 makes use of illuminant D50, which simulates color qualities of noonday summer sun using a 5000°K fluorescent light. 
F
Our objective was to measure the color of uncooked fillets from Gulf of Mexico sturgeons fed three different diets, during storage on ice for 15 days, using a hand-held colorimeter and a machine vision system, and to compare their performance. Results from statistical analyses are presented and conclusions provided with regard to performance of these instruments in detecting color changes in the fish filets over the storage period.
MATERIALS AND METHODS

SAMPLING
All Gulf sturgeons (Ancipenser oxyrinchus desotoi) used in this study were artificially spawned at the University of Florida during 1998. Fish were kept in circular tanks under recommended conditions recently reported by Mims et al. (2002) and Oliveira et al. (2004a) . Sturgeons were fed a semi-moist diet (Biodiet Starter, Bioproducts, Inc., Warrenton, Ore.) up nine month of age as recommended by Bardi (1997) . After nine month of age Gulf sturgeons were switched to one of the three test diets for a 12-week feeding trial: Silver Cup Trout Pellets (Nelson & Sons Inc., Murray, Utah), Hybrid Bass Pellets (Zeigler Bros, Inc, Gardners, Pa.), and Catfish Fish Food Pellets (Flint River Mills, Inc., Bainbridge, Ga.). Fish were not old enough to reliably determine sex at harvest. Live fish were transported from the University of Florida demonstration farm facility located in Blowntstown (Fla.) to the Food Science and Human Nutrition (Gainesville, Fla.) during the summer of 1999. A shipment of 15 fish was received and included five fish from each of the three diet groups. Fish were killed in ice water, eviscerated within 24 h after death and stored in ice water (1°C to 3°C) for about 3 days to undergo bleeding and rigor mortis before filleting (Oliveira et al., 2004b) . Ice water was changed every 24 h. Fish were hand filleted as described by Oliveira et al. (2005) . One fillet from each fish was double bagged in a Ziploc bags placed in a cooler filled with crushed ice, and kept in a cold room at 1°C to 3°C. Ice was replenished and water drained from coolers daily. Measurements for five fillets from Gulf sturgeons fed each diet treatment were taken at 0, 5, 10, and 15 days of storage on ice with both instruments.
COLOR ANALYSIS
Color of uncooked Gulf sturgeon fillets was determined using the L*a*b* scale with the CR-200 Chroma Meter (Minolta, Japan) and the machine vision system developed in our laboratory, and described in detail by Luzuriaga et al. (1997) . It consisted of a Sony camera, a Matrox Meteor image grabbing card, a light box with fluorescent D50 illumination, and software developed in the lab to adjust camera settings and acquire and analyze images ( fig. 1 ). The color parameters measured are lightness (L*), chromaticity of red/green (a*), and chromaticity of blue and yellow (b*). These parameters are in accordance with the recommendations of the International Commission on Illumination, CIE (Francis, 1998) . The CR-200 Chroma Meter measured the reflectance of light from a sample surface compared to a white standard calibration plate using illuminant D65 as the source of light. An average of three spots per fillet were collected at every interval of time, thus L*a*b* values for each treatment, at any given interval of time, are averages of fifteen readings with standard deviations reflecting both, the intra-and inter-fillet variability in L*a*b* values. All readings were taken in the central part of the fillets (half width) with one reading being closer to the tail region, another being closer to the head region and the third one at the center of the fillet. These measurements were standardized for all samples by recording the length of the fillet, dividing the value by three and determining the middle point of each of the three regions (head, center, and tail) as depicted in figure 2.
Machine vision collected one picture from each fillet at every interval of time. The picture was calibrated using a standard orange tile #D33C-423 (Hunters Associates L*a*b*oratory Inc., Fairfax, Va.) that was placed by the side of every fillet photographed. The WindowsR bitmap images were imported into Corel PHOTO-PAINTR version 7.3 (Corel Corp. Ltd, Ottawa, Canada), where the objects (fillet and standard tile) were isolated from the background. Next, a longitudinal cut was obtained from each fillet image using Corel PHOTO-PAINTR as depicted in figure 2. Only these center slices, shown in figure 3, were used to determine L*a*b* values of the fillets with the Color AnalysisR software version 2.6.9 (Engineering and Cyber Solutions, Gainesville, Fla.). The variability in fillet size is reflected in the variation in center slice areas shown in figure 3 , with the area of the slices analyzed being about 70% to 75% of the total area of the fillets. Finally, before determining the L*a*b* the Color AnalysisR software calibrated each object using the image of the orange reference tile.
The absolute L*a*b* values determined by each system cannot be compared directly because the instruments use different illuminants. In order to compare the magnitude of the color changes over storage time indicated by the changes in L*a*b* values determined by each instrument we proposed the use of the unit of color difference Delta E (DE) from the National Bureau of Standards (NBS) (CIE, 1978; Clydesdale, 1978) . The equation 1, shown below, allowed us to estimate the overall changes in color over storage time based on L*a*b* values determined at day 0 for both, machine vision and Minolta CR-200 datasets. 
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where L* = lightness a* = chromaticity of red and green b* = chromaticity of blue and yellow 1 = value at day 0 2 = value at day 5, 10, or 15 It is important to mention that color is defined in three dimensions and that DE allows the reduction to one dimension, thus DE can be interpreted as the distance between two colors defined in three coordinates, while Da*, Db*, and DL* represent differences in those axes.
STATISTICAL ANALYSIS
Delta E (D E) values calculated from L*a*b* values for both instruments were subjected to factorial analysis of variance using a p-value of 0.05. The plots for residuals showed that the data was normally distributed and the test for homogeneity indicated that data was homogeneous. The Bonferroni's post-hoc test was used to determine significant differences in the magnitude of DE between instruments (Rao, 1998) . Figure 3 shows the center slices of all replicates of the fillets from the Gulf sturgeon fed each of the test diets. There is a clear visual difference in the color between fillets of sturgeons that were fed trout diet when compared to the fillets of sturgeons fed either catfish or bass diet ( fig. 3) . Some of the sturgeon fillets from fish fed trout diet presented a yellowish orange coloration, while fillets from fish fed catfish diet and bass diet were mainly pale pink. Figure 4 is a graphic representation of the DE values calculated in this study, where significant differences (p = 0.05) are indicated by the different letters within each graphic. The mean L*a*b* and the calculated DE values determined with the machine vision system are shown in table 1. Results indicated that there were no significant differences (p < 0.05) in DE values from machine vision data for either treatment or days (fig. 4) . This result does not fall within our expectations, as three of the five fillets of sturgeon fed trout diet have yellowish orange overtones ( fig. 3) . However, examining the magnitude of the standard deviations (SD) of the b* value for each diet group, it is noticeable that fillets from the trout group vary widely in yellow chromaticity (table 1; table 2) . A possible source of colorant in this trout diet is yellow corn gluten, which contains the zanthophyll family of pigments that often impart yellow color to animal fatty tissues (Skonberg et al., 1998) . In case of cultured Gulf of Mexico sturgeons, the development of yellow-orange tones in the fillets of some of the fish fed trout diet is a quality problem (Oliveira et al., 2004a) . (table 2) . This reinforces the concept that the machine vision system can adequately detect the variability in color within an object surface with no additional effort. In contrast, a much larger number of readings should have been collected for each fillet, when using the Minolta CR-200, to try mitigating this discrepancy between instruments. However, this automatically translates into more effort and time to collect the data. We have not investigated the minimum number of data points needed with the Minolta CR-200 to adequately reflect the color variability visually observed within each of the fillets.
RESULTS AND DISCUSSION
Finally, the DE values were significantly different (p < 0.05) between instruments, except at day 0 (fig. 4) . The large difference in the magnitude of DE values between day 0 and day 1 indicated by the CR-200 does not reflect the mild color changes over time depicted in figure 3. On the other hand, figure 4 shows that the DE values determined using the machine vision system show little color change over storage time; and this is in accordance with mild color changes visually observed in the images of the center slices of the sturgeon fillets ( fig. 3 ).
CONCLUSION
Machine vision has the ability to measures color with high spatial resolution, thus it can outperform other colorimeters when recording and estimating subtle color changes in foods. Machine vision results provided valuable information regarding color uniformity on an object without the need to increase the number of readings collected for each sample. Lastly, machine vision provides a permanent form of record keeping in picture format, and may be suitable for automation and in−line quality control of color in foods.
